Introduction
============

Secondary xylem (wood) arises as a result of cell divisions of the vascular cambium and is referred to as a type of secondary growth. After division, these cells go through phases of differentiation, enlargement, and maturation. During this process, the cell wall develops, most significantly, the secondary cell wall composed of organized layers of (crystalline) cellulose microfibrils and lignin. Lignin deposition also occurs in the middle lamella region between cells. At the end of the maturation process, the conducting cells (tracheids in conifers, vessels in angiosperms) die through a process of autolysis, the living components (cytoplasm and organelles) are reabsorbed by the tree, and the water-filled cell lumen becomes physiologically functional providing hydraulic conductivity. The resulting structure is a complex porous network of interconnected cells that fulfills several functions that are required for the continued life of the tree in a variable environment. In both dicotyledonous trees and in conifers the vascular cambium can continue to produce new layers of wood throughout the life of the stem or root and so the response to environmental cues is ongoing.

The xylem of the stem mainly provides three types of functions: (i) the xylem is the hydraulic pathway for the transport of water from the soil to the transpiring leaves, providing hydration to all living cells along the way; (ii) the stem mechanically supports the heavy structure of the tree; (iii) the xylem is a place where many biochemical components that are required for the tree in order to withstand external stresses (like freezing, insect attacks, etc.) are stored as well as the storage of photosynthate (carbohydrates, lipids, and proteins) over the winter for future growth in the subsequent spring ([@B92]). Water storage, both on a seasonal and diurnal basis, can also be a crucial function of the xylem ([@B73]; [@B61]). The optimal structures for each of these functions will most likely differ. Selection, either natural, via breeding programs or via genetic engineering, to optimize for one function could lead to sub-optimal performance, or even complete failure of another function ([@B51]). For instance, xylem that is highly efficient in water conduction might be so mechanically weak that it could not withstand wind, snow, or ice loading resulting in failure of the stem or branches. In this paper, we will focus on the first two functions of xylem namely hydraulic transport and mechanical support.

As a result of an acclimation process, plants modify their growth when they experience mechanical loading: plants are able to perceive external mechanical stresses that generate the strain of the living tissues ([@B64]). These living cells generate signals that engender local or remote molecular responses that modify the wood formation by the way of modifying the cambial activity and the differentiation process ([@B45]; [@B90]; [@B13]; [@B22]). The response of plants to mechanically induced flexing, including the brushing or movement of animals against plants, or the flexing of the above ground portions of a plant by wind, ice, or snow loading was defined as thigmomorphogenesis by [@B43]. However, the influence of wind on plants, and specifically trees, was first identified in a study by [@B49]. Over the course of the ensuing 170 years between [@B49] and [@B43] publications and subsequently, many studies have been published on the effect of wind on tree growth and morphology (for reviews see [@B37]; [@B44]; [@B5]; [@B107]; [@B89], [@B90], [@B91]; [@B62], [@B63]; [@B45]; [@B7]; [@B65]; [@B26]). The most consistent thigmomorphogenetic effects are a reduction in shoot elongation and an increase in radial growth in response to a flexing stimulus resulting in a plant of shorter stature and thicker, stiffer stem. This change in growth results in a change in plant allometry which reduces the effective canopy profile to wind and reduces drag ([@B93],[@B94]; [@B77]; [@B108]; [@B91]).

At the anatomical level, [@B88] described a thigmomorphogenetic acclimation of xylem formation, leading to particular wood structure termed flexure wood. However, the anatomical characterization of flexure wood is still poorly documented. In the same way, very little is known about the direct consequences of the acclimation of the material structure on the mechanical and hydraulic functions of wood formed under mechanical stimuli. Especially, the growth modifications appear to potentially compromise conductive efficiency resulting in a trade-off between the mechanical and hydraulic functions of xylem. Due to the complexity of the interactions between anatomy, hydraulic conductivity, and mechanical strength of wood, there have been few studies addressing all three variables and their corresponding construction cost; especially in the case of acclimation processes like thigmomorphogenesis.

The Xylem Anatomical Structure
==============================

Gymnosperm wood is mainly composed of non-living tracheids with a small portion of living ray parenchyma and when resin ducts are present, living epithelial cells lining the ducts. The earlywood portion of gymnosperms is characterized as large diameter cells with thin cell walls, whereas the latewood is composed of smaller diameter cells with thicker cell walls (**Figure [1A](#F1){ref-type="fig"}**). The tracheid performs both the conductive and supportive functions within the secondary xylem. The ray parenchyma cells are aligned radially and are usually small compared to angiosperms. On the contrary, the annual ring of angiosperms is composed of more specialized cell types. In addition to ray parenchyma, angiosperms can have axial parenchyma, fibers, fiber tracheids, and vessels depending on the species of tree (**Figures [1B,C](#F1){ref-type="fig"}**).

![**Typical anatomical cross sections of annual rings in trees.** Gymnosperms show mainly longitudinal tracheids that perform both mechanical and hydraulical functions **(A)**. Angiosperms show heterogeneous **(B)** or homogeneous **(C)** structures that include large vessels that fulfill only the water conduction function, while mechanical support of the tree is provided by fibers. **(A)** *Larix decidua*, **(B)** *Quercus robur*, and **(C)** *Fagus sylvatica*. Scale bar represents 200 μm.](fpls-06-00266-g001){#F1}

Wood density is often used as a key functional trait correlated with other ecophysiological behavior including growth rate, hydraulic conductivity, and mechanical strength ([@B71]; [@B85]; [@B87]; [@B86]; [@B54], [@B55]; [@B40]). Typically, low density wood results from greater porosities (due to larger diameter, thinner walled cells) that increase the efficiency of water transport, while the material rigidity may be compromised. However, the wood density is an integrative parameter that mainly results from the fiber cell wall thickness and lumen diameter was well as vessel density and size (for angiosperms). It is obvious that for the same mean porosity, different anatomical patterns provide different functional properties.

Reaction Wood
-------------

Trees show a great ability to modify the orientation of their main organs, stem, and branches. They do it in a way that improves their architecture via phototropism or gravitropism, in response to neighbor shading, displacement by the wind, or other mechanical perturbations (avalanches, landslides, slope slippage, ice, and snow, etc.,; for review, see [@B112]; [@B96],[@B97],[@B98]; [@B29]). The dynamic reorientation of these organs involves the formation of a particular type of wood called reaction wood. Usually produced on one side of the organ, the physical and mechanical properties of reaction wood and opposite wood (see for example, [@B17]) are such as to generate a large difference in growth strains between the sides which can result in a change of curvature of the organ. This wood shows specific anatomical patterns that differ between gymnosperms and angiosperms.

In gymnosperms, the reaction wood is called compression wood (**Figures [2A,B](#F2){ref-type="fig"}**), which occurs on the lower side of non-vertical branches. Compression wood tracheids are shorter than normal wood tracheids. In the transversal direction, they are more rounded and show intercellular spaces at would have been cell corners that do not appear in normal wood. At the cell wall level, the compression wood cells usually possess an S3 layer that is not common for normal wood and the thicker S2 layer has a higher microfibril angle (MFA) than normal wood ([@B30]).

![**Normal and reaction wood cell wall structures in gymnosperms **(A,B)** and angiosperms **(C,D)**. (A)** tracheid in normal wood, **(B)** tracheid in compression wood, **(C)** fiber in normal wood, **(D)** fiber in tension wood. G refers to the gelatinous layer.](fpls-06-00266-g002){#F2}

In porous wood angiosperms, the reaction wood is termed tension wood. The hardwood fibers of tension wood can produce a gelatinous cell wall layer (**Figures [2C,D](#F2){ref-type="fig"}**), called the G-layer. This G-layer exhibits very particular physical property that generate the differential mechanical states on opposite sides of the organ thus forcing it to modify its curvature via contraction of the tension wood fibers upon maturation. The G-layer is mainly made of cellulose and hemicellulose, has a very small MFA and high degree of crystallinity ([@B114]).

When trees experience transient wind loadings, the cambium produces a specific wood called "flexure wood" ([@B88]). The anatomy and specific functions of flexure wood are poorly understood. A few observations have been carried out at the tissue level for *Pinus* ([@B94]) and *Abies* ([@B88]) and by [@B48] for poplar. In the conifer *Abies fraseri* the increase in radial growth results from an increase in cell divisions from the vascular cambium, but the tracheid lumens were smaller in size ([@B88]). The angiosperm *Liquidambar styraciflua* exposed to shaking for 30 s once per day exhibited smaller vessel elements in both diameter and length, and fibers were shorter compared to untreated trees ([@B66]). For poplar clones, [@B48] reported a significant reduction in vessel lumen area, vessel diameter, and vessel frequency with flexure treatment. Moreover, they observed many similarities between flexure wood and reaction wood. [@B8] showed that tied trees of *Pinus radiata* produced compression wood and tracheids with lower MFA than non-tied trees. Also at the cell wall level, it has been observed on *P. radiata* that juvenile wood show large MFA in trees growing in open plantations ([@B11]). On the contrary, this MFA is low in established forests, suggesting that wind loadings have a great role in the structure of the S2 layer. In angiosperms, flexing increased the amount of syringyl monolignols over guaiacyl monolignols within the lignin polymer ([@B50]). With regard to a functional role for flexure wood, [@B93] pointed out that flexure wood needs to function in both compression and tension due to alternating sway, and that wood is weaker under compressive loading than tensional loading. Therefore, they suggested that cells with a functional structure more suited to deal with compression would be advantageous to a tree growing in a windy environment. However, the lack of data on flexure wood anatomy, especially at the cell wall level, does not permit a rigorous comparison with reaction wood. More detailed characterizations need to be done before claiming that flexure and reaction woods are structurally the same wood provided by different external mechanical loadings.

Interconduit Connections
------------------------

Pits in the double cell wall are the main pathways for water to be transported from one cell to its adjacent cell, connecting two softwood tracheids or hardwood vessels. A hydraulic conduit is connected to multiple other adjacent conduits, providing redundancy in multiple pathways for water movement in case of embolism of one conduit element.

In angiosperms, pits are made of a pit chamber that occurs in the double cell wall and is connected to the cell lumens by the way of holes called apertures (**Figure [3A](#F3){ref-type="fig"}**). This chamber is separated into two parts by a thin and flexible continuous membrane resulting from the remaining primary wall. In gymnosperms, the membrane is not continuous: the central structure, the torus, is reduced to a central plate; which is physically linked to the cell wall by the margo made of thin threads of cellulose microfibrils (**Figure [3B](#F3){ref-type="fig"}**).

![**Structure of pits in angiosperms **(A)** and gymnosperms **(B)**.** The inter-vessel pit in angiosperms is composed of a pit chamber and a thin continuous membrane made of primary wall. Inter-tracheids pits in gymnosperms are made of a pit chamber that includes a thick torus connected to the cell wall by cellulose microfibrils. (photos credit: S. Jansen).](fpls-06-00266-g003){#F3}

Wood Mechanical Behavior
========================

The mechanical functions include: self-support against the pull of gravity in the form of axial compression upon the trunk ([@B60]; [@B110]; [@B67], [@B68]), a degree of stiffness or flexibility to bending under windy conditions or under conditions of loading due to ice, snow, or fruit loading ([@B89], [@B90]; [@B106]; [@B1]; [@B105]; [@B59]) and the ability to generate internal growth strains in developing xylem to produce corrective growth in stems displaced with respect to gravity with the formation of reaction wood. The mechanical parameters that most inform us about significant functional roles in the xylem include the elastic modulus (or Young's modulus) *E*~*L*~, the modulus of rupture (MOR), and the second moment of cross sectional area *I*, which varies with the fourth power of stem diameter D (Eq. 1). The ecologically important parameter of stem strength is the flexural stiffness *E*~*L*~*I* that drives the ability of an elongated organ to deform when it experiences bending loads.
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The longitudinal Young's modulus *E*~*L*~ of wood refers to the stiffness of the wood vertically. Since wood is a porous material with longitudinally oriented cells, *E*~*L*~ is mainly linked to porosity (i.e., the cell wall fraction). Thus, in a first approximation, *E*~*L*~ can be estimated as proportional to the wood density ([@B32]).

The intrinsic mechanical properties of the cell wall are functions of the cell wall structure (mainly MFA; [@B10]) and chemical composition (lignin, cellulose, and hemicellulose). For few species (eucalyptus for example) the knowledge of wood density and MFA can explain almost completely the wood Young's modulus ([@B31]).

Thigmomorphogenesis greatly affects the mechanical behavior of the stem. On the one hand, thigmomorphogenesis modifies the cell differentiation. It results in anatomical changes that decrease *E*~*L*~ of the wood material ([@B93],[@B94]; [@B88]; [@B95]; [@B74]; [@B2]; [@B50]; [@B56]). The reduction in *E*~*L*~ is likely a result of increased MFA and not an increase in the syringyl content of the xylem of angiosperms since increasing the syringyl content in transgenic poplar trees increased *E*~*L*~ ([@B50]).

The stems of flexed *P. taeda* have a higher MOR compared to non-flexed control trees ([@B94]), whereas flexing was reported to decrease the MOR of hybrid poplar stems ([@B48]). This decrease of mechanical behavior cannot be directly explained at the tissue level because the wood density of flexure wood does not decrease ([@B88]). Thus, the physical parameter should be found at the cell wall level and probably involves the MFA in the S2 layer. [@B88] suggested that the reported increase in the MFA of the secondary cell wall of tracheids in *Abies* as part of the thigmomorphogenetic response was responsible for decreasing Young's modulus.

On the other hand, all the works that dealt with responses to mechanical stimulation of trees reported a large increase in radial growth that increases the second moment of cross sectional area I ([@B41]; [@B93],[@B94]; [@B95]; [@B74]; [@B2]; [@B56]). This is a consistent response across species and even within half-sib or clonal lines ([@B94]; [@B89]; [@B74]; [@B48]). In most cases, the increase in I overrides the decrease in *E*~*L*~ resulting in an increase in stem rigidity or flexural stiffness (*E*~*L*~*I*). The end result is an overall stiffer stem composed of more pliable xylem capable of absorbing more mechanical energy in response to wind loading ([@B88], [@B89], [@B91]; [@B74]). Moreover, when a circular stem is bent, the maximum longitudinal strain 𝜖~max~ is proportional to the ratio *D*/*E*~*L*~*I* (Eq. 2) and the maximum strain σ~max~ the stem experiences is proportional to the ratio *D*/*I* (Eq. 3).
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Where *M*~b~ is the bending moment applied on the stem (by wind for example). Thus thigmomorphogenesis tends to reduce the strain and stress the stem experiences, making it less likely to fail under mechanical loading.

Hydraulic Behavior
==================

Conduction
----------

Trees have developed efficient hydraulic networks to transport water from the roots into the leaves ([@B79]). This process involves small pores (around 20 nm) that generate menisci having a very small radius of curvature, resulting in a surface tension that causes a negative pressure that pulls up the water column from the roots into the leaves, helped by water molecule cohesion.

Xylem is the main long distance transport pathway for water and soluble mineral nutrients from roots to the leaves. One of its main functions is to provide a low resistance pathway for water transport. Transport is provided by vessel elements (angiosperms) or tracheids (gymnosperms). This water transport does not involve energy consumption by the hydraulic network that act as passive conduits. Conduction efficiency is driven by the Hagen--Poiseuille equation that indicates that hydraulic conductivity *K*s varies with the fourth power (Eq. 4) of the conduit diameter ([@B116]). Thus, the optimization of an efficient hydraulic conduction function leads to the construction of a wood structure made of long and very large diameter cells (**Figure [4](#F4){ref-type="fig"}**).
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![**One ring of large cells are compared with many times smaller cells that provide the same hydraulic conductivity. The mass allocation for the cell wall construction is eight times higher for small cells.** (computed from [@B103] and [@B3]).](fpls-06-00266-g004){#F4}

However, comparing gymnosperm and angiosperm structure, [@B81] clarified the role of the end-wall connections that represented more than 50% of the total resistance of the hydraulic network. They concluded that the conduit length limits the conducting efficiency.

High positive correlations have been observed between water conduction efficiency of the xylem and the growth rate ([@B102]; [@B72]). This is in accordance with the simple idea that species with fast growth rates usually produce low-density wood that is more porous, with large conduits that are more efficient in transporting water (Eq. 4). Following this correlation, and assuming that thigmomorphogenesis typically generates an increase of the stem diameter growth rate, the flexure wood should show improved hydraulic efficiency. An increase in hydraulic conductivity (reported as sapwood permeability) in free swaying seedlings of *P. elliottii* compared to staked seedlings was reported by [@B25]. [@B53] reported a decrease in specific conductivity despite an increase in radial growth in a thinned stand of *P. contorta* exposed to more wind sway. They concluded the reduction in conductivity was due to sway induced functional damage to sapwood. [@B48] reported systematic lower specific conductivity in the stem of different hybrid poplars when they were bent. This local property was mainly due to the formation of smaller vessels as a result of thigmomorphogenesis. However, they reported that the total conductivity of the stem was not affected, suggesting that the increase of wood cross-sectional area due to the thigmomorphogenetic response compensates for the lower local transport efficiency of the xylem.

Cavitation Resistance
---------------------

According to the cohesion--tension theory ([@B27]) water ascent in plants takes place in a metastable state under tension. Then, the hydraulic conduction is subjected to transport dysfunctions; drought, and frost stresses can induce very large negative pressure in the water columns that break. This leads to embolism of the conduits that makes it non-operational ([@B103]). Cavitation is triggered by air entry in hydraulic conduits ([@B83]; [@B19]). It occurs when the pressure difference between adjacent air- and water-filled xylem conduits becomes large enough to pull the air-water meniscus through inter-conduit pores toward the water filled conduit ([@B116]). The required pressure difference Δ*P* is inversely proportional to the diameter of the pores, *d*, according to the Jurin's law:
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where τ is the liquid surface tension, 𝜃 is the contact angle of the liquid with the pore walls. Thus, the plant structural parameter that determines the vulnerability to drought-induced xylem embolism is the diameter of the largest inter-vessel pore (Eq. 5).

The main sites of air seeding to the xylem pathway are inter-vessel or inter-tracheids pits. What is the physical role of the pits during the cavitation process? Many anatomical measurements have been performed on gymnosperm and angiosperm pits. There are statistical correlations between anatomical parameters like pit membrane thickness, aperture diameter, torus diameter, etc., with the cavitation sensitivity. The mechanical behavior of the pit membrane was investigated by the way of modeling ([@B80]; [@B99]). They showed that the pit aperture diameter together with the diameter and the thickness of the pit membrane plays a great role in its mechanical behavior; which was highly correlated with cavitation sensitivity at the inter-specific level. However, no clear mechanism has been described and no anatomical parameter can be clearly said to be the key point. Again, the pit is probably the most relevant level of observation of air-seeding and there is no evidence of relationship with the conduit diameter or length ([@B23]). However, the "rare pit" hypothesis (also named "pit area" hypothesis; [@B38]; [@B111]; [@B70]) suggests that the bigger the conduit, the larger its surface and the more pits are located in its wall, thus the greater probability of a defective, wide, or less efficient pit, that could be the air-seeding starting point. Following this hypothesis, cavitation sensitivity may be lower for flexure wood that shows smaller conduit diameters. For gymnosperms, one of the most relevant anatomical parameters that may drive the cavitation resistance is the overlap between the torus and the pit border (torus diameter/aperture diameter). This is consistent with the seal-capillary seeding hypothesis ([@B6]). Finally, the xylem anatomy determines how much water can be transported and at the same time, the plant's vulnerability to transport dysfunctions (the formation and propagation of embolism) associated to water stress.

Despite the cavitation mechanism not being clearly elucidated, several correlations were investigated in order to focus on the relevant anatomical parameters. At the macroscopic scale, the wood density is often investigated and species that show denser wood usually show higher cavitation resistance ([@B81]). This is coherent with previous observations that suspected that wider conduits are more vulnerable to cavitation ([@B9]; [@B4]; [@B20]; [@B101]). However, this interspecific correlation hides a large variability and finally, the relationships between diameter conduits and their vulnerability is probably an indirect and non-causal correlation when it comes to water stress induced embolism. However, freezing induced embolism appears to be fairly well understood and is closely related to the size of the conduit ([@B82]; [@B24]; [@B69]; [@B59]). According to these correlations, wood formed under thigmomorphogenetic process should be less prone to freezing induced embolism since the conduits may be reduced in size. However, no work has reported experimental data on the cavitation resistance of flexure wood, suggesting that hydraulic properties need to be investigated in order to confirm these hypotheses.

Trade-offs
==========

Considering trees need to continuously manage all their vital hydraulic and vital mechanical functions, it is suspected that trade-offs could exist. Possible trade-offs between mechanical and hydraulic properties are inherently complex since both are subject to fourth power relationships. As noted above, axial stiffness (*E*~L~*I*) is proportional to stem diameter to the fourth power due to the second moment of area calculation, and conductive efficiency is proportional to vessel or tracheid diameter to the fourth power, following the Hagen--Poiseuille law. To increase the hydraulic conductivity the obvious solution is to increase vessel or tracheid diameter, but those solutions could weaken the wood. Is there a necessary trade-off between strength and hydraulic conductivity, and what are the other ramifications of this trade-off? (**Figure [5](#F5){ref-type="fig"}**). If so, what are the consequences for cavitation and implosion resistance? What is the effect on hydraulic capacitance?

![**Functions vs. cost trade-off in wood tissues**.](fpls-06-00266-g005){#F5}

A number of studies have investigated the interrelations between conductive efficiency and mechanical stress acclimation, with inconsistent results. Several studies have found a trade-off between hydraulic conductivity and mechanical strength ([@B33],[@B34],[@B35]; [@B109]; [@B46]; [@B78]; [@B16]). Others have failed to find any trade-off ([@B113]; [@B73]; [@B75], [@B76]; [@B104]). They suggest that several anatomical variables may confound the influence of the number and diameter of conduits. These variables include pith diameter, ray width, and fiber cell wall thickness, to name a few. Additionally, cell wall structure such as MFA and chemical composition (ratio of lignin to cellulose and lignin monomer composition) are also variables that will influence the mechanical strength of xylem. Inferences can be made based on previous studies. For example, reductions in both tracheid length and vessel element length combined with smaller lumen diameters should increase resistance to conductive flow as well as reduce the volume of water conducted on a per conductive element basis. This may be compensated for by an increase in the number of conductive elements, as is the case in conifers, but may be less likely in angiosperms as the total number of vessels also appears to be reduced in thigmomorphogenetic response to wind sway or flexing. [@B113] investigated the interspecific relationship between anatomy, mechanical properties and water transport of *Acer* but they observed no trade-off between *K*~s~ max and MOE or MOR across the genus. Although compression wood has narrower tracheids and lower conductivity ([@B84]) and lower cavitation resistance ([@B58]) than opposite wood, in angiosperms tension wood may be similar in conductivity and cavitation resistance as opposite wood ([@B36]). Unfortunately there is no published data for cavitation resistance in flexure wood except [@B48] who reported that mechanical flexure increased stem rigidity, reduced the number and diameter of vessels, and significantly reduced *K*~S~. However, the treatment did not significantly impact whole-stem K~h~ or the percent loss of conductivity due to embolism, suggesting the lack of hydraulic-mechanical trade-off during mechanical acclimation.

Although the existence of a trade-off between conductive efficiency and resistance to cavitation or implosion (efficiency versus safety) has not been consistently reported in the literature ([@B18]; [@B82]), available evidence suggests at least a weak negative correlation ([@B101]). The hydraulic efficiency versus safety trade-off was reported by many authors ([@B57]; [@B15]). [@B57] reported for nine co-occuring species that the relationship between specific hydraulic conductivity (*K*~s~) and resistance to cavitation followed a power function with exponent ≈-2, consistent with the existence of a trade-off between conductivity and security in the xylem. However, they suggested that this relationship was consistent with a linear relationship between vessel diameter and the size of inter-vessel pores, which has never been demonstrated. For instance, [@B14], [@B15]) reported trade-offs between conductive efficiency and resistance to cavitation in seasonally dry rainforest trees, but they found no evidence of differences in pit membrane porosities in those species ([@B14]). Therefore the inverse relationship between water-stress embolism and conductive efficiency is probably indirect (see pit area hypothesis above) whereas the inverse relationship with freezing-induced embolism appears to be direct, as the size of the conduit is directly related to freeze-thaw embolism.

Xylem safety (resistance to cavitation or conduit implosion) and mechanical strength have been found to be positively correlated ([@B42]; [@B73]; [@B76]; [@B104]; [@B6]). [@B38] defined a mechanical safety factor that evaluates the resistance of a theoretical 2D regular cellular structure to bulk in the transverse direction when submitted to negative pressure. It involves the lumen diameter (*b*) and the cell wall thickness (*t*). The higher the thickness to span ratio (*t*/*b*)^2^, the greater the resistant to implosion. This safety factor was then used for evaluating the implosion resistance of vessels. All these works suggest that wood density, which is highly correlated with conduit size and cell wall thickness, may impact the both functions in the same way, with thicker cell walls that make the tissues stiffer and more mechanically resistant ([@B38]). However, smaller lumens impair the hydraulic conduction. According to [@B73], the stem mechanical strength appears to be important in maintaining xylem transport under negative pressure and this could be a strategy both to prevent vessel collapse and to withstand mechanical stresses caused by gravity or wind. However, [@B6] recently argued for angiosperms that the implosion process is unrealistic since most of the species do not experience the pressure level that should be involved. Note that for angiosperms, the implosion resistance is usually computed using the vessel wall thickness and the vessel diameter, since implosion resistance of an isolated vessel probably depends essentially on the transversal rigidity of the surrounding tissues.

[@B42] suggested the hypothesis that fibers may be essential for enabling the vessels to achieve great sizes: larger cell wall thickness of surrounding fiber tissues probably provides better implosion resistance with a cost of carbon allocation that is observed in the wood density data ([@B81]). Following this consideration, the angiosperm species are probably able to adjust the fiber formation around the vessel in order to avoid vessel implosion ([@B42]). But perhaps that would be more expensive than putting more cellulose and lignin into the vessel cell wall. [@B100] showed vessel implosion in an *Arabidopsis* mutant deficient in the deposition of secondary cell wall cellulose. [@B47] reported that a 50% reduction in lignin content also resulted in collapsing vessels in *Arabidopsis*. Genetically modified hybrid poplar trees (*Populus alba* × *Populus grandidentata*) with reduced cell wall lignin have also shown collapsed xylem ([@B21]). In a global study of 3005 angiosperm species, vessel diameter was strongly linked to conductive efficiency, but not linked to overall xylem density. The fiber tissues are extremely variable and may compensate for weaknesses that large vessel lumen areas can present ([@B115]).

A significant but less studied relationship is the positive correlation between conductive efficiency and hydraulic capacitance of the sapwood. This relationship has been found in a wide range of conifers and angiosperms ([@B15]; [@B28]; [@B73]; [@B61]). At least in the Rhamnaceae, hydraulic capacitance was not related to the sapwood parenchyma area ([@B73]) Species with high conductive efficiency apparently have greater stores of apoplastic water in fibers as well as in tracheids and vessel lumens. In one model it is shown that embolism of vessels could contribute significantly to hydraulic capacitance on a daily or seasonal basis ([@B39]). Here again, because of a dramatic lack of experimental data, the impact of thigmomorphogenetic response on the balance between hydraulic and mechanical functions is a virgin field of research that needs to be investigated in order to evaluate the possible impact of deformation due to windy conditions on the hydraulic efficiency and safety.

Function vs. Tissue Investment
==============================

Where are the costs needed in order to improve the functional properties? As seen previously, there are two ways to increase the flexural rigidity *E*~L~*I* of the stem: increasing the elastic modulus of wood or increasing the stem diameter. At the cell level, increasing the module of elasticity usually involves a carbon allocation cost in order to increase the cell wall thickness and to reduce the material porosity ([@B52]). Another mechanism to increase the Young's modulus is to decrease the MFA in the S2 layer of the cell way. Modifying the MFA probably does not involve an energetic cost, but it could impact the dimension of the strengthening. While a low MFA increases Young's modulus, it might also decrease hoop strength and cause a conduit to become more prone to implosion. The formation of cellulosic G-layer in angiosperm, provides an higher stiffness to the cell but again involves a large amount of cellulose and definitely an additional construction cost in term of carbon allocation.

At the trunk level, increasing the organ size is an efficient option too. [@B3] stated that for the same amount of cell wall, it is more efficient in terms of stem flexural rigidity *E*~L~*I* to add large cells with thin cell walls than adding small cells with thick cell walls. The lower elastic modulus of the wood material is clearly counterbalanced by the large increase in the second moment of cross sectional area I of the trunk (**Figure [6C](#F6){ref-type="fig"}**). This can be easily demonstrated assuming that the Young's modulus is proportional to the wood density ρ ([@B32]; **Figure [6A](#F6){ref-type="fig"}**)
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![**Mechanical parameters as functions of wood density for a constant biomass *m* in the stem cross section. (A)** The Young modulus is computed according to the Eq. 6. **(B)** The stem diameter is computed according to Eq. 8 and **(C)** the stem flexural rigidity is computed according to Eqs 1, 6, and 8. **(D)** Maximum strain and **(E)** maximum stress are computed for the same fixed external load, respectively, according to Eqs 9 and 10.](fpls-06-00266-g006){#F6}

When a beam experiences a bending moment Mb, the Eq. 2 tell us that the maximum strain varies as the inverse of *D*^3^.
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Assuming the allocated biomass m can be estimated as (**Figure [6B](#F6){ref-type="fig"}**)
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Merging Eqs 6, 7, and 8, we can write that the strain varies as the square root of the density and the maximum strain varies according to ρ^3/2^ (**Figures [6D,E](#F6){ref-type="fig"}**):
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These Eqs 9 and 10 demonstrate that, for the same biomass allocation m, the mechanical strain and stress increase with the wood density and put the trunk at risk. This conclusion is still available even if we consider that the critical stress increases in a proportional way to the wood density ([@B12]). Finally, from a pure mechanical point of view, the formation of annual rings made of large cells with thin cell walls is probably a better strategy than the building of small annual rings made of small cells showing thick cell wall, even if locally the mechanical property *E*~*L*~ is higher in this last case (**Figure [5](#F5){ref-type="fig"}**).

As seen previously, the optimization of conduction properties and biomass allocation leads to large cells with thin cell walls. Thus, finally, low density wood that includes large lumens would be the best way to manage both mechanical and conduction properties. But what is the cost for building cavitation resistant xylem tissue? The pit is probably the very relevant level of observation. This suggests that building resistant pits has a cost and should take account in maintaining the conduction efficiency. And what is the relative importance of resistant pit members to prevent air seeding, versus mechanical support by walls of tracheids or fibers, to prevent implosion? If both parameters are relevant, and have co-evolved, this could explain some contradictions in the literature. The existence or otherwise of functional trade-offs in wood structure is still unclear and has been debated for the past several years. The anatomical parameters that drive the mechanical properties are now well identified and most of the drivers of the conduction efficiency are identified too. But the way the trees build wood that is resistant to cavitation is still a key question that needs to be elucidated in the next years.

Conclusion
==========

Trees have many ways, at the cell wall level or at the organ level, to acclimate their xylem structure to recurrent mechanical stimuli (**Table [1](#T1){ref-type="table"}**). The acclimation process differs between angiosperms and gymnosperms and the consequences on the hydraulic and mechanical properties of wood are highly variable. Because of the lack of experimental data, there is a crucial need for new investigations in order to characterize the mechanical and hydraulic properties of flexure wood. Moreover, in many windy regions, wind is often directional. Hence, bending occurs in a non-symmetric way, with the leeward part of the stem experiencing more compression stress and the windward portion experience more tension stress. Thus, what is really flexure wood? We suggest to the need to investigate separately the thigmomorphogenetic response of wood formation of both elementary stress (compression or tension) to better understand the acclimation process. On the one hand, there is a real need to investigate the relationships between the mechanical stimuli and the modifications of the anatomical structure and its associated construction cost. For this task, there is a real need to investigate the wood formation process, including at the level of cell division and the cell differentiation. This also requires new studies regarding the molecular mechanisms that link mechanical perception to the mechanical stress induced wood formation.

###### 

Comparison of flexure wood features with normal wood in conifers and angiosperms.

  Flexure wood anatomy and functions            Angiosperms   Gymnosperms
  --------------------------------------------- ------------- -------------
  Radial increment                              \+            \+
  Wood density                                  0             \+
  Vessels density (nb vessel/mm^2^)             \-            NA
  Vessel diameter                               \-            NA
  Fiber length                                  \-            NA
  Tracheid diameter                             NA            \-
  Tracheid length                               NA            \-
  Microfibril angle (MFA)                       \+            \+
  Module of elasticity (*E~L~*)                 \-            \-
  Modulus of rupture (MOR)                      \-            \+
  Second moment of cross sectional area (*I*)   \+            \+
  Flexural rigidity (*E*~*L*~*I*)               \+            \+
  Specific conductivity (*Ks*)                  \+            \-
  Total conductivity (*K*)                      0             0
  Cavitation resistance                         NA            NA

"+" indicates the increase, "-" indicates the decrease, and "0" indicates no change. "NA" refers to non-available data.

On the other hand, we need to characterize the consequences of the thigmomorphogenetic process on the mechanical properties that help the trees to be better acclimated to further mechanical stimuli without drastic compromises to the other hydraulic functions. Research involving controlled mechanical stimuli and using transgenic trees with modified cell wall structure (e.g., altered lignin or cellulose), may be a promising mean of elucidating mechanisms of xylem construction that may be constrained by the functional trade-offs.
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